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Galleria mellonellaApolipophorin III (apoLp-III) is an abundant hemolymph protein involved in lipid transport and immune
response in insects. As revealed by LIVE/DEAD staining, incubation of Gram-negative and Gram-positive
bacteria in the presence of Galleria mellonella apoLp-III led to growth inhibition of selected bacteria. An atomic
force microscopy (AFM) study of bacterial cells after apoLp-III treatment showed considerable alterations in
the cell surface of Bacillus circulans, Klebsiella pneumoniae and Salmonella typhimurium. Our results clearly
demonstrate that apoLp-III disturbed the proper structure of the bacterial cell surface. The alterations were
dissimilar to those caused by cationic antimicrobial peptide, cecropin B, suggesting a different mode of action
against bacteria. The present results indicate that AFM provides a powerful tool for studying the interactions
of apoLp-III with microbial cells.+48 81 537 59 01.
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Apolipophorin III (apoLp-III), an insect homolog of human
apolipoprotein E, is an abundant hemolymph protein involved in
lipid transport and immune response against different pathogens in
insects [1]. It was demonstrated that apoLp-III can bind to bacterial
cell wall components, e.g. lipopolysaccharide (LPS) and lipoteichoic
acids (LTA) [2,3]. This property enables it to bind both to the cell
surface of Gram-negative as well as Gram-positive bacteria and to
take part in the process of pathogen recognition by the insect immune
system. Moreover, apoLp-III is engaged in detoxiﬁcation of bacterial
cell wall components and synergistic action with cationic defense
peptides, e.g. cecropins, and lysozyme against bacteria [4,5].
In our previous study, we demonstrated that apoLp-III puriﬁed
from the hemolymph of the greater wax moth Galleria mellonella
inhibited growth of selected Gram-positive and Gram-negative
bacteria. The antibacterial effect of apoLp-III was investigated using
the CFU (colony forming units) counting method and by means of
confocal microscopy after LIVE/DEAD staining of the bacteria.
Although these methods provided evidence for a considerable
decrease in the number of living bacteria after incubation in the
presence of apoLp-III, neither cell aggregates nor morphologicalalterations of bacterial cells were detected [6]. To explore apoLp-III
effect on bacteria in more detail, we applied atomic force microscopy
(AFM) for cell surface imaging of selected Gram-negative and Gram-
positive bacteria after apoLp-III treatment.
Atomic force microscopy has been exploited increasingly to
investigate the ultrastructure of the cell surface of different bacteria
as well as the biological effects of various compounds, including
antimicrobial peptides, on bacterial cells [7–12]. For example, the
results of the AFM analysis of Escherichia coli and Pseudomonas
aeruginosa cell structure provided new insights into themechanism of
antimicrobial action of Sushi peptides, the derivatives of a horseshoe
crab Factor C [8,13]. AFM was employed to explore the mechanism of
action and to visualize the structural effect of two antimicrobial
peptides, BP100 and pepR, on the E. coli cell envelope [14]. BP100 is a
short hybrid undecapeptide obtained on the basis of Hyalophora
cecropia defense peptide, cecropin A, and Apis mellifera melittin
[15,16]. Insect cecropins are classiﬁed as α-helical antimicrobial
peptides. Their interaction with the bacterial cell membrane leads to
pore formation or even disruption of the membrane [17]. Melittin is a
tetramer composed of chains containing α-helical segments. It
spontaneously integrates into lipid bilayers and acts as a lytic agent
[18]. As revealed by AFM, BP100 action on E. coli cells resulted in a
collapse of the cell envelope, which was associated with formation of
vesicle-like structures on the membrane surface [14]. The membra-
nolytic effect of three other antimicrobial peptides, bee venom
melittin as well as Xenopus laevis PGLa and magainin 2 on E. coli
cells was demonstrated by Meincken and co-workers [19].
In the present study, the effect of G. mellonella apoLp-III on selected
Gram-negative and Gram-positive bacteria was investigated using AFM
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insect cationic defense peptide, cecropin B. Our results clearly demon-
strated that apoLp-III disturbed the proper structure of the bacterial cell
surface. Moreover, they indicated that AFM provides a powerful tool for
studying the interactions of apoLp-III with microbial cells.
2. Material and methods
2.1. Bacterial strains and culture conditions
The bacteria used in the present studywere chosen on the basis of our
earlier paper in which the effect of apoLp-III binding on the growth of
different bacteria (Gram-positive: Bacillus circulans, Listeria monocyto-
genes, Micrococcus luteus, Sarcina lutea; Gram-negative: E. coli, Klebsiella
pneumoniae, Salmonella typhimurium) was demonstrated [6]. From
among S. typhimurium and K. pneumoniae as the most sensitive to G.
mellonella apoLp-III were selected. Gram-positive bacteria tested, B.
circulans, L. monocytogenes and S. lutea had equivalent susceptibility toFig. 1. LIVE/DEAD staining of bacteria incubated with G. mellonella apoLp-III. Selected bacte
Material and methods. Then the bacterial cells were stained using LIVE/DEAD solution and o
microscopic pictures of the tested bacteria after incubation. Some fragments (insets) of theapoLp-III. To the AFM study, B. circulans was chosen because of the cell
wall composition lacking LTAs, characteristic for most Gram-positive
bacteria. The bacteria non-susceptible to apoLp-III action are represented
byM. luteus.
Gram-positive bacteria B. circulans ATCC 61 andM. luteus ATCC 10240
were grown at 28 °C, whereas Gram-negative bacteria K. pneumoniae and
S. typhimurium LT2 were cultured at 37 °C. All microorganisms were
grown in Luria-Bertani Broth (LB) medium.2.2. Puriﬁcation of apolipophorin III from G. mellonella hemolymph
Apolipophorin III was puriﬁed from acidic-methanolic extracts of
greaterwaxmothG. mellonella (Lepidoptera: Pyralidae) hemolymph. The
hemolymph was collected 24 h after immunization of the last instar
wandering larvaewithamixtureofE. coliD31andM. luteusATCC10240as
described elsewhere [20]. The immune-challenged larvae were placed
onto sterile Petri plates (10–15 individuals per standard plate) with smallria were incubated without (control) or with puriﬁed apoLp-III (5 μM) as described in
bserved by ﬂuorescence microscopy (live/dead — green/red). The photos show overall
pictures were enlarged to show the presence of dead bacteria (red).
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28 °C reﬂecting the culture conditions for wandering G. mellonella larvae.
The hemolymph extracts, deprived of lipids and freeze-dried, were
reconstituted in 0.1% (v/v) triﬂuoroacetic acid (TFA) and loaded on a
Supelcosil LC-18-DB 4.6x250 mm reversed phase HPLC column (Sigma).
The chromatography was carried out on a P680 HPLC system (Dionex)
using two buffer sets, A— 0.1% TFA (v/v), B— 0.07% TFA, 80% acetonitrile
(v/v), and a linear gradient from 36 to 68% of buffer B in 50 min. The ﬂow
rate was set to 1 ml/min and the spectrophotometric detection was
conducted at 220 nm. The fraction containing apoLp-III, eluting at 35 min,
was manually collected, freeze-dried and additionally puriﬁed by gel
ﬁltration on a Superose 12 10/300 GL column (GE Healthcare). The
chromatographywas carried out at 0.4 ml/min ﬂow rate using the same
HPLC set as above and 0.1% TFA (v/v) buffer containing 30% acetonitrile
(v/v). The homogeneity and identity of the ﬁnal preparation obtained
was conﬁrmed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and by sequencing of ﬁve N-terminal residues on an automatic
protein sequencer (Procise 491, Applied Biosystems).
2.3. LIVE/DEAD staining of bacteria
Ten microliters of suspension containing log-phase bacterial cells
(OD600=0.02) in LB medium were incubated for 1 h without (control)
and in the presence of puriﬁed apoLp-III (1 μg of protein; ﬁnal
concentration 5.0 μM) at an appropriate temperature. Staining of bacteria
was performed using LIVE/DEAD BacLight Bacterial Viability Kit (Invitro-Fig. 2. Alterations in the B. circulans cell surface after incubation with apoLp-III or cecropin B. T
cecropin B (2.0 μM) as described in Material and methods. Topography images (left panels
ﬂagellum and capsule-like structures visible in the control images are marked by the blac
exposed cells is indicated by a white dashed square. A leakage of intracellular material from a
of the images: 27,000× (row a), 45,000× (row b), 135,000× (row c), 270,000× (row d).gen) as described previously [6]. Then the bacteria were observed using a
laser scanning confocal microscope LSM 5 PASCAL (Carl Zeiss, Jena,
Germany). The experiments were repeated three times in triplicate with
each bacterial strain, and representative pictures are presented. The
survival rate of apoLp-III-treated bacteria is presented as mean value±
standard deviation (SD).
2.4. Preparation of bacterial samples for atomic force microscopy
One hundredmicroliters of suspension containing log-phase bacterial
cells (OD600=0.2) cultured in LBmediumwere centrifuged at 8000×g for
10 min in 4 °C. The cells were gentlywashedwith 100 μl of sterile 20 mM
phosphate buffer pH 6.8 and centrifuged as described. Then the bacteria
were incubated for 1.5 hwithout (control) and in the presence of puriﬁed
apoLp-III (1 μg of protein; ﬁnal concentration 0.4 μM) at 28 °C in 20 mM
phosphate buffer pH 6.8 in a ﬁnal volume of 130 μl. K. pneumoniae and B.
circulans were also incubated with synthetic cecropin B (Sigma) in the
concentration 0.2 μM and 2.0 μM, respectively (different susceptibility of
bacteria to cecropin B). After centrifugation as described above, the
bacterial pellet was gently washed once with 150 μl of sterile 20 mM
phosphate buffer pH 6.8 and then twice with 100 μl of apyrogenic water.
After ﬁnal centrifugation, the bacteria were suspended in 5 μl of
apyrogenic water. The samples were applied on a surface of freshly
cleaved mica disks and allowed to dry overnight at 28 °C before imaging
by atomic force microscopy. Three independent experiments were
performed for each bacterial strain.he bacteria were incubated without (control) or in the presence of apoLp-III (0.4 μM) or
) and amplitude/deﬂection images (right panels) of the bacterial cells are presented. A
k arrows and white arrowheads, respectively. A cavity-like structure in the apoLp-III-
poLp-III- and cecropin B-treated cells is highlighted by the black ellipses. Magniﬁcations
Fig. 3. Analysis of B. circulans cell surface alterations after incubation with apoLp-III or cecropin B. (I) analysis of contact mode images of whole cells; (II) analysis of tapping mode
images of holes induced by apoLp-III or cecropin B. (a) topography and (b) 3D images; (c) section proﬁles corresponding to black/white lines in (a); (d) roughness analysis of the
square area marked in (a).
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the culture conditions for last instar wandering (which left the
medium – honey bee nest debris) G. mellonella larvae. Although theactual temperature inside the medium can reach 35–37 °C due to
intense metabolism of the feeding larvae, a temperature 28 °C is
maintained outside the medium during G. mellonella cultivation.
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The alterations in the bacterial cell surface caused by G. mellonella
apoLp-III and synthetic cecropin B were imaged by atomic force
microscopy (Analytical Laboratory, Faculty of Chemistry, UMCS, Lublin,
Poland). All measurements in contact and tapping operationmodeswere
carried out using a NanoScope III AFM (Digital Instruments, USA)
equipped with a piezoscanner of a maximum scan range of
150 μm×150 μm. A rectangular Si cantilever/tip (Veeco, USA) with a
spring constant of 20–80 N/m and resonance frequency of 300 kHz was
used.A resolutionof theobtained scanswas256×256pixels. Twokindsof
images: a topography image and a deﬂection (a contact mode) or
amplitude (a tapping mode) image were obtained simultaneously. Three
and two ﬁelds on each mica disk were analyzed using a contact and a
tapping mode, respectively. The data were analyzed with WSxM 4.0
software (Nanotec, Spain). Roughness values were measured over the
entire bacterial cell surface on 600×600 nm areas. The average surface
root-mean-square roughness of the cells was calculated from ten ﬁelds
estimated during two independent experiments.2.6. Statistical analysis
The roughness data of the control, apoLp-III- and cecropin B-treated
bacteria are presented as means±standard deviation (SD) of twenty
measurements. In order to compare two means, statistical analysis was
performed by Student's t-test. Mean values of the tested groups versusFig. 4. Alterations in the K. pneumoniae cell surface after incubation with apoLp-III or cecr
(0.4 μM) or cecropin B (0.2 μM) as described in Material and methods. Topography imag
presented. Grooves induced by apoLp-III and holes induced by cecropin B are marked by the
control images are highlighted by an ellipse. Magniﬁcations of the images: 13,500× (row athe control group for B. circulans, K. pneumoniae and S. typhimurium are
statistically different (signiﬁcance p≤0.005).
3. Results
3.1. Antibacterial activity of puriﬁed G. mellonella apoLp-III — imaging
by confocal microscopy after LIVE/DEAD staining
To verify the antibacterial activity of apoLp-III puriﬁed from G.
mellonella hemolymph, the bacteria were incubatedwith the protein
at the concentration of 5 μM and stained using LIVE/DEAD Viability Kit.
The results obtained conﬁrmed that apoLp-III puriﬁed by HPLC
technique inhibited growth of the tested bacteria in vitro (Fig. 1). The
survival rate of bacteria in the presence of apoLp-III was 41.5% (±12.6),
25.9% (±5.6) and 29.8% (±6.2) for B. circulans, K. pneumoniae and S.
typhimurium, respectively.
3.2. Morphological changes of bacteria after apoLp-III and cecropin B
treatment: imaging using atomic force microscopy
The LIVE/DEAD analysis revealed that G. mellonella apoLp-III can
inhibit growth of bacteria. To get new insight into this area, an atomic
force microscopy analysis of bacterial cell surface after exposure to
apoLp-III was performed. In these experiments, apoLp-III at the
concentration of 0.4 μM was used. This allowed detection of even
subtle changes caused by apoLp-III on the bacterial cell surface,
without the danger of fast and total destruction of the bacterial cells.opin B. The bacteria were incubated without (control) or in the presence of apoLp-III
es (left panels) and amplitude/deﬂection images (right panels) of bacterial cells are
arrows and the arrowheads, respectively. The cortex bend-like structures visible in the
), 27,000× (row b), 45,000× (row c), 135,000× (row d).
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B treatment
The effect of apoLp-III as well as synthetic cecropin B on B. circulans
cells was investigated. Fig. 2 presents the control and apoL-III- or
cecropin B-treated bacterial cells in different magniﬁcations.
Untreated B. circulans cells were rod-shaped with a surface without
deep grooves, ruptures or bubbles. The bacteria were surrounded by
capsule-like structures and the ﬂagella were well visible (indicated by
the white arrowheads and black arrows, respectively, in Fig. 2, in the
control column). In contrast, the surface of B. circulans cells incubated
with apoLp-III was more porous and had cavity-like structures (see
the region highlighted by a dashed square in Fig. 2d, in the apoLp-III
column).Moreover, the capsule-like structures as well as ﬂagella wereFig. 5. Analysis of K. pneumoniae cell surface alterations after incubation with apoLp-III or cec
images of grooves and holes induced by apoLp-III or cecropin B. (a) topography and (b) 3D
corresponding to the black/white lines in (a).not visible. Cells exhibiting leakage of the intracellular material were
also noticed (highlighted by a black ellipse in Fig. 2c, in the apoLp-III
column). After incubation of B. circulans with cecropin B, the cells
were depleted of the capsules; however, the surface alterations
observed were dissimilar to those caused by apoLp-III. Some cells had
no regular rod-shape and possessed deep ruptures on the surface.
Damage of the cell surface resulted in leakage of the intracellular
material and cell debris were also detected (highlighted by a black
ellipse in Fig. 2c, in the cecropin B column). Treatment of B. circulans
with apoLp-III or cecropin B caused considerable alterations in the
roughness of the cell surface in comparison to the control cells. The
average root-mean square (RMS) roughness for the control cells was
7.66 (±3.84), whereas the values for the cells treated with apoLp-IIIropin B. (I) analysis of contact mode images of whole cells; (II) analysis of tapping mode
images; (c) roughness analysis of the rectangle area marked in (a); (d) section proﬁles
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demonstrated in Fig. 3, the analysis of the three-dimensional images
corresponding to the topography images of the cells revealed
presence of irregularities and deep grooves on the surface of the
treated cells, whereas the surface of the control cells was relatively
smooth (Fig. 3(I)b). The analysis of the section proﬁles presented in
Figs. 3(I)c and 3(II)c provided further information about the
alterations in the surface characteristics. The detected grooves were
40–60 nm in depth and about 100–150 nm in diameter (Fig. 3). The
average RMS roughness of the areas indicated by the black squares in
Fig. 3(I)a was 10.47, 26.29 and 27.81 for the control cells, cells treated
with apoLp-III and cells treated with cecropin B, respectively.
3.2.2. Alterations of the K. pneumoniae surface after apoLp-III and
cecropin B treatment
K. pneumaniae is a rod-shaped Gram-negative bacterium. The
control cells imaged by AFM had a rod shape and were aligned cell by
cell (Fig. 4). The surface of the non-treated bacteria was covered by
highly wrinkled structures resembling cortex bends (highlighted by a
white ellipse in Fig. 4d, in the control column). Similar structures on
the surface of K. pneumoniae and E. coli cells were observed using AFM
imaging by Bolshakova and co-workers [7] and by Li and co-workers
[13], respectively. The exposure of K. pneumoniae cells to apoLp-III
caused considerable alterations in the cell shape and surface. The cells
lost their regular shape and irregular deep grooves appeared on the
surface (indicated by the arrows in Fig. 4c, in the apoLp-III column).
The cortex bend-like characteristics was no more visible. In contrast,
holes of different diameter were detected on the surface of K.
pneumoniae cells incubated with cecropin B (highlighted by the
arrowheads in Fig. 4c, in the cecropin B column). Moreover, the shape
of some cells treated with cecropin B changed as the cells became
more round in comparison to the control ones (indicated by theFig. 6. Alterations of the S. typhimurium cell surface after incubation with apoLp-III. The b
described in Material andmethods. Topography images (left panels) and deﬂection images (r
ends of the cells are marked by the arrows. The capsule-like structures visible in the control
(row a), 27,000× (row b), 45,000× (row c).arrows in Fig. 4a, in the cecropin B column). The treatment of K.
pneumoniaewith apoLp-III as well as cecropin B caused an increase in
roughness of the bacterial cell surface in comparison to the control.
However, incubation in the presence of cecropin B led to more rough
characteristics of K. pneumoniae cells. The average root-mean square
roughness for the control cells was 16.34 (±7.07), whereas the values
for the cells treated with apoLp-III or cecropin B were 20.15 (±7.43)
and 25.76 (±12.66), respectively. The values of RMS roughness of the
rectangle areas indicated in Fig. 5(I)a were equal to 9.5, 24.39 and
20.72 for the untreated, apoLp-III- and cecropin B-treated cells,
respectively. The related diagrams demonstrated that the surface of
the control cells was more uniform in comparison to the treated ones
(Fig. 5(I)c). In contrast to the shallow wrinkles (about 5 nm in depth)
present on the surface of the control cells, the depth of grooves
detected on the surface of apoLp-III-treated ones was 20 nm andmore
(Fig. 5(II)). Some holes detected on the cells treated with cecropin B
were even 25 nm in depth and about 100 nm in diameter (Fig. 5(II)d).
3.2.3. Alterations of the S. typhimurium surface after apoLp-III treatment
S. typhimurium cells imaged by AFM were rod-shaped with a
relatively smooth surface. Capsule-like structures surrounding bacte-
rial cellswere also visible (indicated by thewhite arrowheads in Fig. 6c, in
the control column). Similar structures were observed by Suo and co-
workers [21]. Our AFM images revealed considerably fewer bacterial cells
after incubation with apoLp-III (growth inhibition by 76.4% (±4.16), in
comparison to the control). Dramatic alterations were detected on the
surface of S. typhimurium incubated in the presence of apoLp-III in
comparison to the control cells. The surface became highly wrinkled and
deep grooves as well as holes appeared (marked by the black arrows in
Fig. 6b and c, in the apoLp-III column). Interestingly, the holes were often
located on both ends of the bacterial cells. Themorphology changes were
accompanied by an increase in cell surface roughness. Calculated averageacteria were incubated without (control) or in the presence of apoLp-III (0.4 μM) as
ight panels) of bacterial cells are presented. The holes induced by apoLp-III on the apical
images are indicated by the white arrowheads. Magniﬁcations of the images: 13,500×
Fig. 7. Analysis of S. typhimurium cell surface alterations after incubation with apoLp-III.
(I) analysis of contact mode images of whole cells; (II) analysis of tapping mode images
of holes induced by apoLp-III. (a) topography and (b) 3D images; (c) section proﬁles
corresponding to the black/white lines in (a); (d) roughness analysis of the rectangle
area marked in (a).
1903A. Zdybicka-Barabas et al. / Biochimica et Biophysica Acta 1808 (2011) 1896–1906root-mean square roughnesswas 7.68 (±1.7) and22.49 (±11.87) for the
control and apoLp-III-treated cells, respectively. As demonstrated in Fig. 7,
the analysis of the three-dimensional images corresponding to the
topography images of the cells revealed presence of irregularities and
deepgrooveson the surfaceof theapoLp-III-treatedcells, in comparison to
the control ones. The values of RMS roughness of the rectangle areas
marked in Fig. 7(I)a obtained were 7.27 and 24.09 for the control and
treated cells, respectively, and the differences were shown as diagrams inFig. 7(I)d. Dimensions of the holes detected on the apoLp-III-treated cells
were measured and reached 30–40 nm (even 80–90 nm) in depth and
about 200 nm in diameter (Fig. 7(I)c, (II)c).
3.2.4. Morphology of the M. luteus surface after apoLp-III treatment
In contrast to the above-described bacteria, the surface and the
shape of M. luteus cells incubated with apoLp-III seemed to be much
less affected in comparison to the control ones (Figs. 8 and 9). Most of
the cells were relatively smooth, without deep wrinkles or grooves.
Small irregularities were detected on the surface of some control cells
as well as those treated with apoLp-III (indicated by the white arrows
in Fig. 8c and d). Although the irregularities visible on the apoLp-III-
treated M. luteus seemed to be more distinct in comparison to the
control ones, the average roughness of the cells in both samples was
comparable. The average root-mean square roughness was 35.37
(±9.01) and 37.88 (±19.66) for the control and apoLp-III-treated
cells, respectively. The values of RMS roughness of the rectangle areas
highlighted in Fig. 9(II)a were 36.06 for the control and 29.26 for the
apoLp-III-treated cells. A comparison of the data shown in the related
diagrams revealed that, after treatment with apoLp-III, the surface of
M. luteus cells became even more uniform (Fig. 9(I)c). As presented in
Fig. 9(II), the dimensions of small irregularities in the control and
treated cells were comparable (40–50 nm in diameter and about
10 nm in depth). The results corresponded well with the data
obtained in our previous study using the LIVE/DEAD and CFU counting
analyses, which demonstrated that M. luteus growth was hardly
inhibited by the 5.0 μM concentration of apoLp-III [6].
4. Discussion
It has been documented that apoLp-III can bind to LPS and LTA, the
components of the cell wall of Gram-negative and Gram-positive
bacteria, respectively. Although apoLp-III adsorbed on the cell surface
of various bacteria, growth of only some of them was inhibited in the
presence of this protein, which indicated different susceptibility to
apoLp-III [1–3,6]. This phenomenon could be explained by differences
in the composition of the cell envelope of bacteria. Interaction of
apoLp-III with certain components could affect their proper structure
and function which, depending on the cell wall arrangement, could
manifest itself in increased susceptibility of some bacteria to apoLp-III.
The results presented in this paper for the ﬁrst time provide
evidence for the alterations of the cell surface upon treatment of the
bacteria with G. mellonella apoLp-III. As apoLp-III belongs to lipid
binding proteins, lipids and lipid-containing molecules present in
bacterial cell wall as well as in the extracellular polymeric substance
(EPS) could be candidates for interaction with apoLp-III. The observed
alterations can reﬂect binding of apoLp-III molecules not only to LPS,
LTA or other cell envelope components but also to the EPS
components. EPS plays an important role in cell aggregation, cell
adhesion and bioﬁlm formation, and it protects cells from a hostile
environment. It consists of a variety of high and lowmolecular weight
molecules, e.g. polysaccharides, proteins, nucleic acids, lipids, lipo-
proteins, lipopeptides. Such interactions could disturb the proper
structure and functioning of these compounds and could make
bacterial cells more susceptible to changes in their close environment,
leading to growth cessation and even to destruction of the cell.
Moreover, differences in the cell envelope and EPS composition
between bacteria species could explain different susceptibility of
bacteria to apoLp-III. In our study, considerable changes in the cell
surface upon apoLp-III treatmentwere detected in B. circulans. We can
speculate that the potential candidates for interaction with apoLp-III
in the Gram-positive bacteria cell envelope are LTAs, lipomannans,
fatty-acid-substituted heteropolysaccharides or lipoglycans. Interest-
ingly, because of none of them have been identiﬁed so far in B.
circulans, the components responsible for apoLp-III binding in B.
circulans cell wall remain to be identiﬁed [22–24]. In contrast, M.
Fig. 8. AFM images ofM. luteus cells after incubation with apoLp-III. The bacteria were incubated without (control) or in the presence of apoLp-III (0.4 μM) as described in Material
and methods. Topography images (left panels) and amplitude/deﬂection images (right panels) of bacterial cells are presented. Small cell surface irregularities are marked by the
arrows. Magniﬁcations of the images: 27,000× (row a), 45,000× (row b), 135,000× (row c), 270,000× (row d).
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theoretically could bind apoLp-III. However, growth of these bacteria
was hardly inhibited by apoLp-III [6]. Binding of apoLp-III to
lipomannans and other M. luteus cell wall components has not been
investigated so far. It cannot be excluded that the interaction is
relatively weak, as binding of apoLp-III caused only small irregular-
ities in M. luteus cell surface. Differences in susceptibility to certain
antimicrobial factors are often dependent on modiﬁcations of the cell
wall components. For example, although the exact mechanism of
Staphylococcus aureus resistance to lysozyme is unknown, there are
suggestions that O-acetylation at position C-6 of the N-acetylmuramic
acid residues in the cell wall peptidoglycan contributes to lysozyme
resistance [26]. De-N-acetylation of glucosamine in B. subtilis
peptidoglycan is sufﬁcient to cause resistance to lysozyme digestion
[27]. Similarly, some bacterial pathogens (e.g. S. aureus, Salmonella
enterica) are resistant to cationic antimicrobial peptides due to
covalent modiﬁcation of anionic components of their cell envelope,
such as lipoteichoic acids, phospholipids or lipid A [28].
In our study, apoLp-III inducedmost damage at the apical ends of S.
typhimurium. This observation could indicate that even some areas of
the bacterial cell surface are more susceptible for antimicrobial action.
This could reﬂect different arrangement of cell envelope components
over the whole cell surface. E.g., Meincken and co-workers [19]
reported that interaction of selected antimicrobial peptides with E.coli caused a collapse of the cell structure especially at the apical ends
of cells, suggesting that a higher concentration of peptides was
trapped there. For example, it was shown that domains of cardiolipin,
a negative phospholipid, were located at the apical ends of the E. coli
inner membrane [29]. The alterations caused by apoLp-III at the apical
ends of S. typhimurium detected in our study resembled to some
extent the changes in E. coli cell surface caused by EDTA treatment
demonstrated by Kotra and co-workers [30]. The authors suggested
that removing of the metal ions led to release of some LPS molecules
from the bacterial surface. The depletion of LPS resulted in large pits
which bottom consisted of exposed patches of peptidoglycan
molecules. The high-resolution images demonstrated large assem-
blies along the E. coli outer membrane, each consisting of 600–3500 of
LPS molecules. Computational analysis of such assemblies revealed
that adjacent LPS molecules inﬂuence one another's conformation
[30]. Taking above into consideration the alterations in S. typhimurium
cell surface could be a result of apoLp-III binding to some LPS
molecules. Such binding could weaken interactions between LPS
molecules and even could led to release of some LPS molecules from
the outer membrane. The observed deep grooves and holes appearing
in the cell surface of S. typhimurium after treatment with apoLp-III
could reﬂect a decrease of LPS molecules.
The comparison of the alterations detected on the cell surface of B.
circulans and of K. pneumoniae after exposure to apoLp-III with those
Fig. 9. Analysis of M. luteus cell surface after incubation with apoLp-III. (I) analysis of
contact mode images of whole cells; (II) analysis of tapping mode images of small
irregularities detectedon thecell surface. (a) topography and (b)3D images; (c) roughness
analysis of the rectangle area marked in (a); (d) section proﬁles corresponding to the
black/white lines in (a).
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differed considerably after incubation with these two compounds.
Four main modes of action were proposed for cationic defense
peptides which are described by “barrel-stave”, “carpet like”,
“aggregate” and “toroidal pore” models. Interaction of such peptides
with the bacterial cell membrane causes formation of channels or
fragmentation of the membrane, leading to depolarization and
eventually to death of bacteria. Some peptides can translocate across
the membrane and accumulate inside the cell, where they target
essential cellular processes to mediate cell killing [31–34]. Transmis-
sion electron microscopy analysis of E. coli cells revealed formation of
pores in the cell membrane as a result of the treatment with synthetic
cecropin B as well as cecropin puriﬁed from Heliothis virescens
hemolymph [17]. The pores caused by synthetic cecropin B used in a
concentration of 1.3 μM were evenly distributed especially in the E.
coli inner membrane, however lesions in the outer membrane werealso detected. A study on artiﬁcial membranes revealed that pores
formed by cecropin B had diameter of 4 nm, whereas the diameter of
pores formed by Heliothis cecropin in E. coli inner membrane was
estimated for 9.3 nm [17,35]. In our experiments, cecropin B caused
changes on the surface of K. pneumoniae resembling holes and pores
which could suggest a similar mode of action. However, the
dimensions of pores detected by us were much higher, which could
reﬂect differences in cell envelope composition between bacteria
species and/or could result from different peptide concentration and
method used. On the contrary, the appearance of dissimilar alterations
on the bacterial cell surface after apoLp-III and cecropin B treatment
could point to different mechanisms of their antibacterial activity.
However, it cannot be excluded that binding of apoLp-III or cecropin B
to certain components of the bacterial cell envelope can induce
osmotic imbalance which could be in part responsible for the surface
alterations observed. E.g. in Rhizobium meliloti it was demonstrated
that osmotic and ionic pressure caused alterations in cell wall LPS [36].
It should be also taken into consideration that the detected changes
could reﬂect one of the possible interactions of apoLp-III with
bacterial envelope not necessarily being responsible for antibacterial
activity of this protein. A further study determining the components
of bacterial cell envelopes interacting with apoLp-III will be helpful in
elucidating the mechanism of the apoLp-III antimicrobial action.
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